During an immune response, mature B-lymphocytes undergo CSR, a deletional-recombination reaction that exchanges the *C*µ constant region gene (*C~H~*) of the expressed *Igh* for one of a set of downstream constant *C~H~* genes, such as *C*γ, *C*ε or *C*α. The B cell thus alters from producing IgM to one expressing a different effector antibody molecule such as IgG, IgE or IgA^[@R1]^. CSR occurs between transcribed, repetitive 1--12 kb long DNA elements termed switch (S) regions that precede each of the *C~H~* genes^[@R1]^. Activation-induced cytidine deaminase (AID), an essential enzyme for CSR^[@R2],[@R3]^, deaminates cytidines to uridines within transcribed S regions to initiate a cascade of reactions that generates staggered DSBs^[@R4]^. Synapsis and end-joining of DSBs between two distinct S regions completes CSR.

The end-joining phase of CSR utilizes general DNA repair processes^[@R5]^. C-NHEJ, which seals DNA ends with little (1--3 nucleotides) or no homology, is a major DSB repair pathway in somatic cells^[@R6]^ and was thought to be essential for CSR^[@R7]^. However, recent studies have shown that mutations in several core C-NHEJ components including Ku70, DNA ligase IV and XRCC4 still allowed substantial CSR^[@R8]--[@R11]^. The mutant cells though had a striking alteration in the nature of the switch junctions. While the majority of junctions in normal B cells were either blunt or had 1--3 base pairs of microhomology, those in the C-NHEJ mutants displayed a significant trend towards increased microhomology^[@R8]--[@R11]^. Thus, CSR proceeds through a robust A-NHEJ pathway that displays a significant bias towards microhomology joins.

In addition to CSR, A-NHEJ has also been observed in a few other instances. First, several reporter substrates that measure joining of microhomologous DNA sequences have revealed the existence of A-NHEJ^[@R12]--[@R15]^. Second, while C-NHEJ is essential for end-joining of DSBs generated by RAG proteins during V(D)J recombination, certain RAG mutations unmasked an A-NHEJ reaction that utilized microhomologous sequences for end-joining of reporter recombination substrates^[@R16],[@R17]^. Finally, interchromosomal translocations involving the *Igh* locus frequently observed in C-NHEJ mutant B cells appear to use the A-NHEJ pathway^[@R9],[@R18],[@R19]^. This process is predicted to involve a DNA end resection step to expose short single-stranded DNA stretches homologous to the other end being joined. Whether all or a subset of microhomology-mediated end joining constitute A-NHEJ is a matter of debate^[@R20]^ but it is clear that A-NHEJ preferably utilizes microhomology sequences. In this study, we have referred to all microhomology-mediated end-joining as A-NHEJ.

The factors required for A-NHEJ have not been elucidated; however, the end-processing proteins Mre11 and CtIP are thought to be involved^[@R12]--[@R15],[@R21],[@R22]^. CtIP was originally identified as an interactor of the transcriptional co-repressor molecule CtBP and was thus thought to modulate transcription^[@R23]^. It was subsequently shown to participate in cell cycle checkpoint control^[@R23]^ and DNA repair by homologous recombination (HR) through its ability to bind BRCA1 in a phosphorylation-dependent fashion^[@R13],[@R24]--[@R26]^. Additionally, CtIP and its yeast functional homologue Sae2^[@R27]^ have been shown to be involved in resection of DSBs during homologous recombination, either acting directly as a nuclease and/or enhancing the nuclease activity of Mre11^[@R25],[@R26],[@R28]--[@R32]^. Recently, studies using reporter substrates have demonstrated that CtIP participates in A-NHEJ^[@R12],[@R13],[@R15]^, although the role of CtIP in HR and A-NHEJ are distinct as unlike that for HR, A-NHEJ does not require phosphorylation-dependent interaction with BRCA1^[@R13]^.

The overall model that emerged from these studies is that CtIP promotes processing of DSBs to reveal segments of homology that could be utilized for HR-based repair or stretches of microhomology for A-NHEJ. However, the majority of these studies, especially those that examined the role of CtIP in A-NHEJ, relied on the use of artificial substrates, which could potentially have a dominant effect on the nature of the end-joining reaction^[@R20]^. In this study, we have used CSR as a physiological reaction to query the role of CtIP in A-NHEJ and demonstrate that CtIP plays a major role in microhomology mediated end-joining in normal as well as in C-NHEJ deficient cells.

RESULTS {#S1}
=======

CtIP knock-down impairs CSR {#S2}
---------------------------

To determine the role of CtIP in CSR, we stably knocked-down CtIP expression in the murine B cell line CH12 using short hairpin RNAs (shRNA). CH12 cells, upon stimulation with a combination of anti-CD40, interleukin-4 (IL-4) and transforming growth factor β (TGF-β) (henceforth referred to as CIT) undergo CSR from IgM to IgA at a high rate^[@R2]^. Two shRNAs (CtIP-1 and CtIP-2) directed against the coding sequence of CtIP mRNA robustly depleted CtIP protein from CH12 cells compared to cells transduced with control "scrambled" shRNA ([Fig. 1a](#F1){ref-type="fig"}). Control and CtIP knock-down cells were stimulated with CIT for 72 hours and CSR to IgA was measured by flow cytometry. Over the course of at least 14 independent experiments ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}), CtIP knock-down displayed a 40--60% defect in CSR compared to control cells ([Fig. 1b](#F1){ref-type="fig"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}).

The reduction in CSR in CtIP knock-down cells was not accompanied by any significant defect in cell proliferation or marked alterations in the steady-state levels of germline switch transcripts ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). On the other hand, quantitative real-time PCR ([Fig. 1c](#F1){ref-type="fig"}) and western blot analysis ([Fig. 1d](#F1){ref-type="fig"}, [Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}) showed that both AID mRNA and protein levels were reduced in CtIP-depleted cells. CtIP is a known transcriptional regulator^[@R23]^ and since AID expression is a function of multiple activators and inhibitors^[@R33]^, it is possible that CtIP regulates AID expression. Thus, reduced AID levels might contribute to the CSR defect observed in CtIP depleted cells. However, chromatin immunoprecipitation (ChIP) experiments showed that the amount of AID associated with Sµ was similar between control and CtIP knock-down cells ([Fig. 1e](#F1){ref-type="fig"}). Significantly, when CtIP expression was restored in CtIP depleted cells through lentiviral transduction of shRNA-resistant human CtIP cDNA ([Fig. 1d](#F1){ref-type="fig"}), both CSR ([Fig. 1f](#F1){ref-type="fig"}) and AID expression ([Fig. 1d](#F1){ref-type="fig"}) were rescued to control levels. The complementation experiment indicated that the CSR defect and reduction of AID expression in CtIP depleted cells were not due to non-specific off-target effects of the shRNAs.

CtIP knock-down alters end-joining during CSR {#S3}
---------------------------------------------

The nature of the switch junctions following CSR is an ideal readout for the end-joining processes that ligate DSBs. We thus cloned and sequenced Sµ-Sα junctions from control and CtIP-depleted cells stimulated with CIT for 72 hours. Consistent with previous studies^[@R1]^, the majority of Sµ-Sα junctions in control cells had microhomology between 0--3 nucleotides, but a substantial number (approximately 24%) of junctions showed microhomology of 4 nucleotides or more ([Fig. 2a--b](#F2){ref-type="fig"}, [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). The Sµ-Sα junctions in the CtIP-depleted cells were markedly different from the control cells ([Fig. 2a](#F2){ref-type="fig"}). Approximately 11.5% of the junctions in the CtIP knock-down cells displayed microhomology length of 4 nucleotides or more ([Fig. 2a--b](#F2){ref-type="fig"}). Remarkably, there was a significant alteration in frequency of junctions with direct (blunt) joins with no microhomology. The number of junctions with blunt joins increased from around 15% for control cells to approximately 40% for CtIP knock-down cells. Overall, the average microhomology length showed a significant (p\<0.04 by the Mann-Whitney test) decrease from 2.4 nucleotides observed for control cells to 1.4 nucleotides for CtIP-depleted cells. Finally, restoring CtIP expression shifted the nature of microhomology-mediated joins to levels approaching that observed for control cells ([Fig. 2c](#F2){ref-type="fig"}). Taken together, these results provide evidence for a CtIP-dependent pathway that utilizes microhomology for the end-joining phase of CSR.

C-NHEJ deficiency predisposes CSR to an end-joining pathway that utilizes microhomologous sequences at the ends^[@R8]--[@R11]^. To determine if CtIP is responsible for the microhomology dependent joins in cells compromised for C-NHEJ, we generated a stable knock-down of Ku70 in CH12 cells ([Fig. 3a](#F3){ref-type="fig"}). Ku70-depletion led to a marked and significant reduction in CSR ([Fig. 3b](#F3){ref-type="fig"}) although it is not clear if impaired CSR is partially an effect of reduced AID expression in the Ku70-depleted cells ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). As predicted from previous reports^[@R11]^, Ku70 depletion leads to a marked shift towards switch junctions with microhomology of 4 nucleotides or more (approximately 30%) compared to control cells (approximately 14%, [Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). When CtIP was knocked-down in Ku70-depleted cells ([Fig. 3c](#F3){ref-type="fig"}), there was a significant additive effect on CSR compared to cells with depletion of Ku70 alone ([Fig. 3d](#F3){ref-type="fig"}). Strikingly, depletion of CtIP in the Ku70 knock-down cells reduced the number of junctions with extended microhomology and shifted the overall extent of microhomology to that observed for CtIP knock-down cells ([Fig. 3e, f](#F3){ref-type="fig"}). Thus, while the average length of microhomology in Ku70 knock-down cells was 3.3 nucleotides, combined depletion of Ku70 and CtIP reduced the average down to 1.8 nucleotides. These results strongly suggested that CtIP mediates microhomology-mediated end-joining observed in C-NHEJ deficient cells.

CtIP binds switch region DNA {#S4}
----------------------------

We carried out ChIP experiments to assess, if in keeping with its ability to participate in the end-joining phase of CSR, CtIP could be detected at S region DNA. CtIP was found to be specifically associated with Sµ in control but not in the CtIP knock-down CH12 cells ([Fig. 4a, b](#F4){ref-type="fig"}). CtIP binding was specific to S region DNA as it was not detected at the Iµ intronic promoter or at p53 genomic locus. Remarkably, there was a 6--8-fold increase in the levels of CtIP bound to Sµ in Ku70 knock-down cells ([Fig. 4a, b](#F4){ref-type="fig"}), suggesting that depletion of Ku70 enhances the ability of CtIP to bind S region DNA. The binding of CtIP to S regions in CH12 cells was dependent on CIT stimulation suggesting that CtIP associates with broken S region DNA ([Fig. 4c](#F4){ref-type="fig"}). This possibility is further supported by the observation that CtIP binding to activated S regions in splenic B cells was dependent on AID. While CtIP could be readily detected at Sµ and Sγ1 in wild type splenic B cells stimulated with anti-CD40 and IL-4, it failed to associate with the S regions in similarly activated AID-deficient splenic B cells ([Fig. 4d](#F4){ref-type="fig"}). Importantly, the observed binding of CtIP to S regions in an AID, and likely DSB-dependent fashion in splenic B cells provides credence to the notion that CtIP participates in CSR in primary B cells.

DISCUSSION {#S5}
==========

We have used shRNA-mediated knock-down to unequivocally demonstrate that CtIP participates in the end-joining phase of CSR in CH12 cells. While CtIP deficient embryos fail to develop^[@R34]^, CtIP knock-down CH12 cells exhibit no growth defects, possibly due to the residual activity of CtIP in the setting of a knock-down and/or due to a striking induction of the proliferative and anti-apoptotic cytokine IL-6 ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). Switching in CH12 cells is dependent on AID ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}) and influenced by known factors such as DNA ligase IV^[@R10]^ and there is no evidence that CSR to IgA in CH12 cells is in any way mechanistically different from primary B cells. Supported by the observation that CtIP binds to appropriately activated S regions in primary B cells, it is reasonable to extrapolate our findings in CH12 cells to conclude that CtIP participates in CSR in general.

In the experimental system described here, CtIP levels clearly have an effect on AID expression. This is neither due to a non-specific effect of the shRNAs introduced into the cells, as restoring CtIP expression rescues AID levels, nor an effect on global transcription. Gene expression profiling of CtIP depleted cells by microarray analysis showed that only about 0.25% of the total genes analyzed were altered by a fold change of 2 or more relative to control cells ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). Whether CtIP regulates AID expression in primary B cells and if this regulation is related to the transcriptional activity of CtIP remains to be determined. Despite repeated attempts, we were unable to restore AID expression to normal levels in CtIP knock-down cells through lentiviral transduction ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Thus, we could not formally exclude the possibility that at least a part of the observed defect in CSR upon CtIP depletion is due to reduced AID levels. Still, the decrease in AID expression does not lead to altered levels of AID bound to S region DNA. More importantly, specific knock-down of AID in CH12 cells does not increase the abundance of joins with 0--3 nucleotide microhomology ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}), suggesting that altered junctions in CtIP knock-down cells are not due to levels of AID but rather an effect of the CtIP-dependent end-processing reaction during CSR.

According to the generally accepted model of CSR^[@R1]^, DNA deaminated by AID is processed by the combined activities of base-excision and mismatch repair proteins to generate staggered DNA breaks^[@R35]^. Our results suggest that DSBs thus generated could be bound by Ku and channeled into the C-NHEJ pathway or be processed in a CtIP-dependent microhomology-directed A-NHEJ reaction ([Fig. 5](#F5){ref-type="fig"}). Thus, in Ku70-depleted cells there is increased CtIP binding to S regions ([Fig. 4a--b](#F4){ref-type="fig"}), with an accompanying increase in microhomology joins, while in the absence of CtIP, C-NHEJ is the predominant end-joining pathway operating without the requirement for microhomology at the broken ends.

It has been proposed that CtIP functions in end-processing through its ability to promote the nuclease activity of the Mre11-Rad50-Nbs1(MRN) complex^[@R25],[@R26],[@R28],[@R29],[@R31],[@R32]^. MRN has been implicated in both c-NHEJ and A-NHEJ^[@R14],[@R15],[@R21]^ and mutations in MRN components significantly impair CSR^[@R21],[@R36]--[@R38]^. However, in contrast to what we observed for CtIP depletion, Mre11 mutation does not alter the nature of switch junctions^[@R21]^, suggesting that MRN has both CtIP-dependent and CtIP-independent activities during CSR. It is possible that limited resection required for C-NHEJ can be mediated by MRN alone, while extensive processing of ends to expose microhomologous sequences during A-NHEJ relies on CtIP-mediated enhancement of MRN nuclease activity. Alternatively, CtIP might have a role in A-NHEJ that does not require MRN, a notion consistent with the MRN-independent nuclease activity of Sae2^[@R29]^ ([fig. 5](#F5){ref-type="fig"}). Further work is clearly required to experimentally examine these possibilities.

C-NHEJ is a distinct pathway with a well-defined set of factors required exclusively for this process. On the other hand, microhomology-mediated A-NHEJ is poorly defined and its function in normal cellular physiology beyond the immune system is yet to be defined. Likewise, the components of this pathway, including the DNA ligases that mediate catalysis of the DNA ends, remain to be identified. Despite these unresolved issues, our studies clearly demonstrate that CtIP is required for the end-joining phase of CSR and thus renders CSR an appropriate model to elucidate the mechanism that promotes end-joining of microhomologous DNA in a physiological setting.

Methods {#S6}
=======

Cell culture {#S7}
------------

CH12 cells were grown in RPMI 1640 supplemented with 10% (v/v) fetal bovine serum (FBS, Atlanta biologicals), 100 U ml^−1^ of penicillin, 0.1 mg ml^−1^ of streptomycin (Gemini Bio-products), 5% (v/v) NCTC-109 (Gibco), and 10 mM β-mercaptoethanol. To induce CSR, cells were cultured at a density of 0.25 × 10^6^ cells per ml in 1 µg ml^−1^ anti-CD40 (eBioscience), 12.5 µg ml^−1^ IL-4 (R&D Systems) and 0.1 ng ml^−1^ TGF-β (R&D Systems). Mouse splenic B cells were isolated using CD43 Microbeads (Miltenyi Biotec) and cultured at a density of 1 × 10^6^ per ml in RPMI 1640 supplemented with 15% (v/v) FBS, 100 U ml^−1^ of penicillin, and 0.1 mg ml^−1^ of streptomycin, 1% (v/v) glutamine and 10 mM β-mercaptoethanol. Stimulation for CSR was achieved with 1 µg ml^−1^ anti-CD40 and 12.5 µg ml^−1^ IL-4.

Lentiviral infection of shRNA constructs {#S8}
----------------------------------------

The lentiviral MISSION shRNA vectors were obtained from Sigma-Aldrich ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). 293T cells were transfected with 12 µg of the shRNA vector, 9 µg of the packaging vector psPAX2 (Addgene) and 3 µg of the envelope vector pMD2.G (Addgene) using Lipofectamine 2000 (Invitrogen). Viral supernatants were harvested 48 hours after transfection. CH12 cells (1 × 10^6^) were transduced with 4 ml of viral supernatant by centrifugation at 2000 rpm for 2 hours at room temperature. Twenty-four hours after transduction, cells were selected with puromycin at a concentration of 3µg ml^−1^ for 72 hours and then analyzed. For double knock-downs, CH12 cells were transduced with the first shRNA and following 3 days of growth in puromycin, transduced with the second shRNA. Cells were stimulated with CIT 48 hours after second infection.

Expression of proteins in CH12 cells {#S9}
------------------------------------

hsCtIP or mouse AID cDNA was cloned downstream of the EF1α promoter in the lentiviral vector EF.PGK.GFP (Addgene). The vector was transduced into CH12 cells using a protocol similar for transduction of shRNA vectors.

Immunoblotting {#S10}
--------------

Protein extracts for western blotting were prepared by cell lysis in a buffer containing 20mM Tris-HCl (pH 7.5), 5% (v/v) glycerol, 150mM NaCl, 5mM β-mercaptoethanol and 0.5% (v/v) NP-40, followed by high-speed centrifugation. Antibodies against CtIP (T16) and Ku70 (C-19) were purchased from Santa Cruz and AID antibodies were generated as described^[@R39]^. GAPDH (6C5) antibody was purchased from Millipore.

Flow cytometry and SNARF labeling {#S11}
---------------------------------

Cells were stimulated with CIT for 72 hours, stained for surface expression of IgA using FITC-conjugated-anti-IgA antibody (C10-3, BD Pharmingen) or a combination of unconjugated anti-IgA antibody and Alexa Fluor 594 donkey anti-rat antibody (A-21209, Invitrogen). For SNARF labeling, cells were incubated with 9 µM SNARF (carboxylic acid acetate, succinimidyl ester) in 5% (v/v) FBS for 10 min at 37°C. The reaction was quenched with FBS, cells were washed with 2.5% FBS (v/v) and assayed by flow cytometry at indicated time points.

RNA extraction and transcription analysis by standard and real-time PCR {#S12}
-----------------------------------------------------------------------

RNA was extracted from cells stimulated with CIT for 48 or 72 hours using Trizol (Invitrogen) according to manufacturer's protocol. cDNA was generated using the SuperScript III First-Strand Synthesis System (Invitrogen). Amplification was achieved either by standard PCR using a Taq DNA polymerase system (Qiagen) or real-time PCR using iQ SYBR Green supermix (Bio-Rad). Real-time PCR products were analyzed for incorporation of SYBR Green and crossing points were obtained with the CFX96 Real-time system software of Bio-Rad. The comparative Pfaffl method was used to determine fold change in expression between cells transduced with experimental and scrambled control shRNA using β-actin and GAPDH as reference genes. Sequences of all primers are listed in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}.

Analysis of switch junctions {#S13}
----------------------------

Genomic DNA was prepared from CH12 cells stimulated with CIT for 72 hours. Sµ-Sα junction DNA was amplified by PCR (38 cycles) using Sµ and Sα primers listed in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}. The PCR products, which spanned from 1--2 kb, were gel-extracted and cloned into pGEM-Teasy (Promega). DNA from individual clones was sequenced with T7 primer at the MSKCC DNA Sequencing Core Facility.

ChIP assays {#S14}
-----------

ChIP was performed from approximately 1 × 10^7^ cells according to the protocol provided by Upstate Biotech ChIP kit. CtIP and AID antibodies were the same as that used for immunoblotting, the H3 antibody (Ab 1791) was purchased from Abcam and the IgG control (I5006) from Sigma. The immunoprecipitated DNA was amplified by standard or real-time PCR using primer sequences listed in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}. For quantification of real-time PCR results, the Ct values obtained were plugged into the following equation: Relative quantity=Efficiency ^(Ct\ input\ -\ Ct\ ChIP)^. The resulting value was then divided by 5 (as input was one-fifth used in pulldown) and multiplied by 100 to determine binding as a percentage of input.

Microarray hybridization and analysis {#S15}
-------------------------------------

Total RNA was purified from control and CtIP knock-down cells stimulated with CIT for 72 hours. cDNA was generated and hybridized to GeneChIP arrays MOE 430A 2.0 (Affymetrix) at the MSKCC Genomics Core Laboratory. Microarray data was analyzed using the Partek program. Change in expression of candidate genes was confirmed by real-time PCR using 3 independent knock down-cells stimulated for 48 hours. The primer sequences are listed in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}.

Statistical analysis {#S16}
--------------------

A two-tailed paired student's *t*-test was employed for analyses of CSR frequency and a two-tailed Fisher's exact test was applied for analyses of microhomology length at switch junctions.
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![CtIP knock-down alters CSR in CH12 cells. (**a**) Extracts derived from unstimulated (−) or CIT stimulated (+) CH12 cells expressing two different shRNAs (CtIP-1 or CtIP-2) against CtIP or control "scrambled" shRNA were analyzed by western blotting using antibodies against CtIP or GAPDH (loading control). The arrow indicates the polypeptide corresponding to CtIP. (**b**) CSR to IgA was measured by flow cytometry. CSR frequency in scrambled shRNA infected cells was assigned an arbitrary unit (AU) of 100. The data is a mean of 14 independent experiments with error bars depicting standard deviation from the mean. (**c**) Levels of AID transcripts of scrambled or CtIP knock-down cells were measured 48h after CIT stimulation by quantitative real-time PCR. The values are the mean of three independent experiments and the error bars represent standard deviation from the mean. (**d**) Empty lentiviral vector or one harboring human CtIP (hsCtIP) cDNA was introduced into control or CtIP knock-down cells and western blot was performed to determine expression of CtIP. (**e**) ChIP was performed from CIT-stimulated CH12 cells with anti-AID and the amount of AID bound to Sµ was determined by real-time quantitative PCR. The values represent the average of 3 independent experiments with error bars representing standard deviation from the mean. (**f**) CSR was measured by flow cytometry in hsCtIP or empty expression vector transduced CtIP knock-down cells.](nihms235610f1){#F1}

![CtIP knock-down alters end-joining during CSR. (**a**) Sµ-Sα junctions from CIT-stimulated CH12 cells infected with control or CtIP-1 shRNA were analyzed. Sequence data was compiled from six independent experiments. (**b**) The spectrum of junctions in control versus CtIP knock-down cells was tabulated. The difference in the percentage of junctions with microhomology of 4 nucleotides or more was statistically significant (p=0.02). (**c**) Sµ-Sα junctions in CtIP knock-down cells transduced with empty vector or vector encoding hsCtIP were analyzed.](nihms235610f2){#F2}

![CtIP knock-down alters end-joining in Ku70-deficient cells. (**a**) CIT-stimulated CH12 cells transduced with scrambled or shRNAs (Ku70-1, Ku70-2) against Ku70 were analyzed by western blotting using Ku70 or GAPDH (loading control) antibodies. (**b**) CSR to IgA in Ku70-1 or Ku70-2 shRNA transduced cells was measured by flow cytometry. CSR frequency in cells transduced with scrambled shRNA was assigned an arbitrary unit (AU) of 100. The data is a mean of at least three independent experiments with error bars indicating standard deviation from the mean. (**c**) Ku70 knock-down or control cells were transduced with scrambled or CtIP-1 shRNA and expression of Ku70, CtIP and GAPDH were determined by western blot analysis. (**d**) CH12 cells with the indicated shRNAs were stimulated with CIT for 72 hours and CSR to IgA was measured by flow cytometry. CSR frequency in cells transduced with scrambled shRNA was assigned an AU of 100. The data is a mean of nine independent experiments with error bars representing standard deviation from the mean. (**e**) Sµ-Sα junctions from Ku70-1/scrambled and Ku70-1/CtIP-1 cells were cloned, sequenced and the percentage of cells with the indicated lengths of microhomology was plotted. (**f**) The distribution of microhomology at the Sµ-Sα junctions is tabulated. The difference in the number of junctions with microhomology of 4 nucleotides or more between the Ku70-1/scrambled and Ku70-1/CtIP-1 knock-down cells was statistically significant (p=0.04).](nihms235610f3){#F3}

![CtIP binds to switch region DNA. (**a**) ChIP was carried out in CIT-stimulated CH12 cells with AID, CtIP or control non-specific IgG antibodies. DNA from the ChIP samples was diluted 3-fold, amplified by PCR and the presence of Sµ, µpromoter (Iµ promoter) or p53 was determined by analyzing the PCR products on agarose gels. (**b**) The amount of CtIP bound to Sµ in the indicated cells was measured by real-time quantitative PCR. Data are the mean of three independent experiments with error bars representing standard deviation from the mean. (**c**) CtIP binding to Sµ in unstimulated or CIT-stimulated CH12 cells was assayed by ChIP and quantified by real-time PCR. The values represent the mean of three independent experiments with error bars representing standard deviation from the mean. (**d**) Splenic B cells from wild type or AID^−/−^ mice were stimulated with α-CD40 and IL-4 for 48hrs and ChIP was performed with CtIP, AID, H3 and control non-specific IgG antibodies. Immunoprecipitated DNA was diluted 4-fold and amplified by PCR for the presence of Sµ, Sγ1, Iµ promoter or p53.](nihms235610f4){#F4}

![A model for the role of CtIP in CSR\
AID activity induces formation of staggered DSBs in two distinct S regions. The DSBs are initially processed by the Mre11/Rad50/Nbs1 (MRN) complex, possibly to generate blunt ends and then channeled into either the C-NHEJ or the A-NHEJ pathway. For C-NHEJ, blunt DSBs are bound by Ku (and other C-NHEJ proteins) and subsequently ligated by DNA ligase IV/XRCC4 that do not require microhomology at the DNA ends. For A-NHEJ, CtIP alone, or in conjunction with MRN, further processes the DNA ends to reveal stretches of microhomology prior to ligation. Since CtIP binding to S regions is enhanced when Ku protein is depleted ([fig. 4](#F4){ref-type="fig"}), Ku could possibly compete with or suppress the A-NHEJ pathway. Additional components of A-NHEJ that participate in CSR, including the ligase that seals the DNA ends are yet to be elucidated.](nihms235610f5){#F5}
